D
eepwater production often hinges on the ability to safely complete and eff ectively draw down a small number of very challenging wells. Chances of success are greatly increased if surveillance tools are available to quickly diagnose downhole conditions and detect potential issues early on. Real-time completion monitoring with acoustic waves (RTCM) has great potential for diagnosing problems in sand-screened deepwater completions. RTCM uses tube waves to detect permeability changes and passive noises to characterize perforation fl ow. Interaction of a single tube wave with permeable formations in open boreholes is well explained by Biot's theory of poroelasticity. However, experimental studies in laboratory models of sand-screened completions reveal that fast-and slow-tube waves behave diff erently. Further progress in acoustic surveillance requires better understanding on how signatures of fast-and slow-tube waves depend on completion properties. To this end, we simulate the dispersion and attenuation of the two tube waves by examining the solutions of Biot's equations of poroelasticity in cylindrical structures using a spectral method.
Basic concept of evaluating permeability with acoustic waves
At low frequencies, wave propagation in an open borehole is dominated by tube (Stoneley) waves. Waves compress the fl uid column and lead to a piston-like motion. When fl uid is compressed, it expands radially and pushes against the formation or casing. In the presence of a permeable borehole wall, fl uid movement across the interface leads to a slowdown in velocity and an increase in attenuation (Figure 1 ). Th ese eff ects are well explained by Biot's theory and form the foundation for estimating near-wellbore permeability from an open-hole acoustic logging.
Sand-screened deepwater completion has a more complicated structure (Figure 2 ) due to multiple permeable layers. Th e sand screen represents an additional pipe with a very high permeability. Th e annulus between the casing and screen is fi lled with gravel sand or fl uid, both of which possess negligible shear modulus. Th e sand screen and gravel pack prevent migration of reservoir sand into the wellbore and maintain the structure of the reservoir around the wellbore. Th e presence of two fl uid-like columns in the completion gives birth to two tube waves: fast and slow. Th ey have been observed in experiments with full-scale laboratory models of deepwater completion. Th e most basic task of RTCM is to monitor changes in the permeability of the sand screen and gravel-pack layer. Here we aim to examine the eff ect of sand-screen permeability on velocities and attenuation of two tube waves.
Experimental observations in models of sand-screened deepwater completions Bakulin et al. (2008) Figure 3 shows schematics as well as actual photographs of the setup. Table  1 shows the geometry of the model. Th e outer pipe simulates the casing string, whereas the inner pipe represents the sand screen. Th e sand screen has aluminum base pipe and plastic wire wraps (Figure 3c ). To simulate the impermeable or plugged sand screen, a blank pipe was used (Figure 3d) . Th e casing was impermeable (closed perforations), and the experimental study focused on the eff ects of the screen permeability on the signatures of the fast-and slow-tube waves.
Special section: Permanent monitoring, smart oil fields, and reservoir surveillance 
Permanent monitoring, smart oil fields, and reservoir surveillance
If the sand screen is impermeable (blank pipe), then theory predicts four wave modes at low frequencies, all without attenuation (Figure 4 ): two tube waves and two plate (extensional) waves. Two tube waves exist because the completion contains two fl uid columns: one inside the screen and the other in the annulus. Th e two plate waves are supported by the screen (inner pipe) and casing (outer pipe), respectively. If formation is added on the outside of the casing, then the casingsupported plate wave disappears, while all three other modes remain.
Experimental seismograms (Figure 5a ) confi rm the presence of fast-and slow-tube waves. Th e plate waves have smaller amplitudes and are visible only at higher amplifi cations. Since the plate waves are not sensitive to permeability, we concentrate on the analysis of the tube-wave signatures. Figure 5b suggests that an open-to-fl ow sand screen leads to increased attenuation of both fast-and slow-tube waves. Th is attenuation is further increased when water in the annulus is replaced by gravel sand. Wave propagation in a completion model with impermeable screen is well understood and can be accomplished by a root-fi nding technique. However, to capture the eff ects of sand-screen permeability on wave propagation, we need to use more complex constitutive equations that pose substantial challenges for modeling borehole modes. Following Bakulin et al., we assume that, to the fi rst approximation, sand screen can be modeled as a poroelastic Biot's layer and examine tube-wave signatures as a function of screen permeability. Such signatures are usually derived using an analytical root-fi nding technique (Paillet and White, 1982) that is diffi cult to implement for multilayered attenuative poroelastic structures. Th e spectral method is a new approach to bypass the diffi culties of root-fi nding for fl uid and elastic cylindrical structures and was recently extended to poroelastic cylindrical structures (Karpfi nger et al., 2008) . By directly discretizing the underlying diff erential equations in the radial direction, the spectral method handles such complicated cylindrical structures very eff ectively and gives phase velocities and attenuation of all modes as a function of frequency. 
Eff ect of screen permeability on tube waves Let us examine how velocities and attenuation of two tube waves depend on the screen permeability, and compare them with the behavior of these signatures for a single tube wave in the case of an open borehole surrounded by infi nite fl uidsaturated and permeable formation (Winkler et al., 1989) . In the open-hole model at low frequencies, tube-wave velocity decreases and attenuation increases with increasing formation permeability. In a completion model, we have two tube waves, and their behavior is diff erent. Figures 6 and 7 show modeled velocity and attenuation of fast-and slow-tube waves as a function of screen permeability. Let us fi rst examine the fast-tube wave, which is mainly supported by the casing. In the low-permeability limit, the screen behaves as an impermeable pipe, and the fast-tube wave experiences no loss as already shown in Figure 4 . At the other extreme, when the screen is very permeable, it provides almost no resistance to the radial fl uid motion across the screen and behaves like a layer of liquid. Th erefore we expect to have a single (fast) tube wave supported by casing, again without a loss. From this transition, we deduce that the fast-tube wave is mainly supported by the casing. What would happen for intermediate permeabilities?
For subdarcy permeabilities, attenuation of the fast-tube wave increases with increasing permeability. However, this elevated attenuation peaks at about 1.5 darcy and then decreases, returning to the state of virtually no attenuation at large permeability (Figure 6b ). To a fi rst order, the location of the attenuation maximum is controlled by screen permeability and thickness. Radial profi les of displacement provide an additional insight on a possible mechanism for this attenuation at intermediate permeabilities. For low permeabilities, axial displacements of the fast wave are of the same sign, but of diff erent magnitudes (Figure 8a ). When the screen becomes more permeable, the diff erent rates of compression inside the two liquid columns lead to a fl uid exchange across the screen. Th is exchange particularly intensifi es for permeabilities 
. Dispersion curves for an idealized completion model (water-impermeable screenwater-casing-vacuum) when sand screen has vanishing permeability. Note that all modes are completely lossless. Two slowest modes represent tube waves associated with the two fl uid columns whereas two fastest modes represent plate (extensional) modes in screen and casing tubulars, respectively.

Figure 5. Experimental seismograms in diff erent completion models from the same source near receiver 5 shown with the identical magnifi cation: (a) entire completion has impermeable screen (blank pipe) with no gravel sand; (b) blank pipe between receivers 1 and 12 is replaced by a section of open-to-fl ow wire-wrapped screen; (c) same as (b) but with gravel pack. Note that two arrivals of fast-and slow-tube waves are visible on both displays. For an impermeable screen without sand (a) velocities are ~1000 m/s and 700 m/s, but for an open screen with and without sand (b-c) they are slower (~700-800 m/s and 400-600 m/s, respectively). Observe increase in attenuation with introduction of screen section (b) and even larger increase when adding sand (c).
Permanent monitoring, smart oil fields, and reservoir surveillance (~1.5 darcy) where the attenuation reaches maximum and is also manifested by rapid equalization of axial displacements occurring in this region. At higher permeabilities, the axial displacement levels off , while the radial displacement resembles the linear profi le typical for a conventional tube wave in a fl uid-fi lled cylinder with weak dispersion and no attenuation ( Figure 8b) .
As for the fast-tube wave velocity, it slows down progressively, with most changes occurring between 250 mdarcy (water-permeable screen-water-casing-vacuum (Figure 6a ). While one normally expects velocity slowdown with the increased attenuation, it is unusual to observe that velocity continues to decrease even when attenuation starts to drop between 1.5 and 10 darcy.
Th e slow-tube wave demonstrates a behavior that is more similar to that of a single tube wave in an open borehole surrounded by a permeable formation. Attenuation is increasing progressively with increasing permeability (Figure 7b) . While in open borehole, the tube wave always remains a propagating mode (Q -1 ≤ 2, e.g., wave attenuates within more than one wavelength), in a completion the slow-tube wave may become nonpropagatory (Q -1 > 2) at a fi nite frequency and thus attenuates within less than a wavelength (Figure 7b ). Such behavior of the slow mode can be readily explained by radial profi les of displacement ( Figure  8) . One can observe a pistonlike motion with large axial displacement and small radial one. However, those pistons move in opposite directions in the inner and outer fl uid columns, which are manifested by the opposite signs of the axial displacements in Figure  8 . Th is distinct feature makes slow-tube mode analogous to a Biot's slow body wave. When the screen becomes permeable, this out-of-phase motion in the two columns naturally leads to an elevated fl uid communication between two liquid columns. As a result, we observe rapid increase in attenuation (Figure 7b ) and eventually a complete absorption of the slow mode at higher permeabilities. Despite amplitude decay of the slow wave, the character of the profi le, and in particular, the opposite signs of the displacements remain stable at all permeabilities (compare Figure 8a and 8b) .
In line with the increased attenuation at low frequencies, the velocity of the slow-tube wave drastically decreases ( Figure  7a ). One important observation is that at zero frequency, the slow-tube wave velocity approaches a positive value, where-Permanent monitoring, smart oil fields, and reservoir surveillance as for a fi nite permeability, it is expected to vanish at zero frequency similarly to the tube wave in an open borehole. Current implementation of the spectral method (Karpfi nger, 2008) becomes numerically unstable at very low frequencies, and therefore these conclusions are tentative and need to be verifi ed by additional research. Interestingly, at higher frequencies, the velocity of the slow mode increases with permeability increase (Figure 7a ) and may even exceed the impermeable limit. Th is has been also observed for a simpler model of open borehole in fl uid-saturated formation (Winkler and Johnson, 1989) .
Discussion and conclusions
Modeling with spectral method confi rms strong dependence of fast-and slow-tube wave signatures on the screen permeability. Th erefore, an acoustic surveillance system installed in a deepwater completion has a great chance to detect sandscreen plugging in real time. Sand-screen plugging is a serious problem that can create high skin factor for a well and cause a substantial decrease in production rates and thus well underperformance. However, without surveillance, it is virtually impossible to identify the source of the well underperformance, since it may be caused by other completion problems such as perforation plugging, near-wellbore permeability reduction (formation damage), or large-scale issues such as reservoir compartmentalization. Real-time completion monitoring with acoustic waves may reveal, actual source of well underperfomance and thus lead to a safer and more prolifi c drawdown and production strategies. RTCM has the potential to revolutionize our ability to manage deepwater wells by understanding evolution of fl ow, drawdown, and impairment in real time.
To accomplish these ambitious goals, we need to have good understanding of how acoustic signatures of interest depend on permeability of various completion layers. In this study, we concentrated on the analysis of the simplest completion model without gravel pack, and assumed that the sand screen can be modeled as a poroelastic Biot's layer. We verifi ed that in this case the wave propagation is dominated by fast-and slow-tube modes supported by casing and screen, respectively. We studied the effect of screen permeability on the velocity and attenuation of fast-and slow-tube waves. For the slow-tube wave, veloc- 
